Sandblom E, Cox GK, Perry SF, Farrell AP. The role of venous capacitance, circulating catecholamines, and heart rate in the hemodynamic response to increased temperature and hypoxia in the dogfish. Am J Physiol Regul Integr Comp Physiol 296: R1547-R1556, 2009. First published January 28, 2009 doi:10.1152/ajpregu.90961.2008.-Hypoxia and increased temperature alter venous blood pressures in teleosts through active changes in venous tone. Elasmobranchs possess a capacious venous system but have limited adrenergic vascular innervation and subambient central venous pressure (Pcv). In this study, we explored venous hemodynamic responses to acute temperature increase and moderate (6.9 kPa) and severe (2.5 kPa) hypoxia in the dogfish (Squalus acanthias). Normoxic dogfish at 10°C had a Pcv between Ϫ0.08 and Ϫ0.04 kPa and a mean circulatory filling pressure (Pmcf) of ϳ0.12 kPa. At 16°C, heart rate (fH), cardiac output (Q), and Pmcf increased but Pcv and plasma epinephrine and norepinephrine levels were unchanged. In contrast, moderate and severe hypoxia increased Pcv and decreased Q and stroke volume (VS). fH decreased in severe hypoxia, whereas Pmcf was unaffected despite elevated catecholamine levels. Atropine abolished hypoxic reductions in Q, VS, and fH, but Pcv still increased. In contrast to the response in teleosts, this study on dogfish suggests that venous capacitance changes associated with warming and hypoxia are minimal and likely not mediated by circulating catecholamines. Thus hemodynamic status of the capacious elasmobranch venous circulation is potentially regulated by blood volume shifts from passive flow-mediated events and possibly through myogenic mechanisms. cardiac filling; cardiac performance; elasmobranch; mean circulatory filling pressure SEVERAL FEATURES DISTINGUISH the circulatory system of the phylogenetically ancient elasmobranch fishes from that of teleost fishes. Foremost, elasmobranchs have a more capacious circulatory system than teleosts [total blood volume is ϳ6% of body mass vs. ϳ4% of body mass in teleosts (32)], with large venous sinuses (48). In addition, the systemic vasculature receives sparse adrenergic innervation, with the possible exception of the gastrointestinal circulation (6, 26, 31) . Instead, elasmobranchs have a well-developed chromaffin tissue system, the bulk of which is located in the axillary bodies of the anterior paravertebral sympathetic ganglia that secrete catecholamines into the circulation and humorally activate vascular adrenergic receptors (29, 30). These observations have led to the suggestion that adrenergic vasomotor control in elasmobranchs is primarily mediated by circulating catecholamines (7, 29, 30) .
SEVERAL FEATURES DISTINGUISH the circulatory system of the phylogenetically ancient elasmobranch fishes from that of teleost fishes. Foremost, elasmobranchs have a more capacious circulatory system than teleosts [total blood volume is ϳ6% of body mass vs. ϳ4% of body mass in teleosts (32) ], with large venous sinuses (48) . In addition, the systemic vasculature receives sparse adrenergic innervation, with the possible exception of the gastrointestinal circulation (6, 26, 31) . Instead, elasmobranchs have a well-developed chromaffin tissue system, the bulk of which is located in the axillary bodies of the anterior paravertebral sympathetic ganglia that secrete catecholamines into the circulation and humorally activate vascular adrenergic receptors (29, 30) . These observations have led to the suggestion that adrenergic vasomotor control in elasmobranchs is primarily mediated by circulating catecholamines (7, 29, 30) .
Central venous blood pressure (P cv ) is routinely subambient in elasmobranchs (11, 45) . Correspondingly, cardiac suction filling (vis a fronte) is generally thought to be of added importance for cardiac function (1, 20, 49, 54) . In fact, surgical opening of the rigid pericardium impairs cardiac function and increases P cv in this group of fishes (20, 45) . Nonetheless, both P cv and the mean circulatory filling pressure (P mcf ), which is an index of venous capacitance (the relationship between contained blood volume and transmural pressure), increase in spiny dogfish (Squalus acanthias) in response to injections of epinephrine and the ␣-adrenergic agonist phenylephrine (45) . These results suggest that ␣-adrenoceptor-mediated venoconstriction could potentially regulate venous return and cardiac filling pressure in the dogfish, but how and to what extent this potential mechanism might be used in nature is unknown. Therefore, the present study assessed hemodynamic responses during temperature and hypoxia challenges in the Pacific spiny dogfish (S. acanthias), an elasmobranch having a heart that normally operates at subambient filling pressures (45) .
Venous capacitance changes can be estimated from changes in P mcf , the plateau in P cv during a transient circulatory arrest (42) . An increased P mcf primarily reflects a decreased compliance and/or an increased smooth muscle tone in the venous vasculature, because veins contain a greater blood volume and have a much greater compliance (i.e., the ratio of a change in transmural pressure and the resultant change in contained volume) than arteries. A decrease in venous capacitance can under certain circumstances shift blood toward the central venous compartment and increase P cv , which may increase cardiac output (Q) through an increased cardiac filling pressure (18, 38, 42) . Nevertheless, the relationship between P cv and cardiac performance is complex, because P cv is affected by downstream cardiac events and passive flow-mediated changes due to altered upstream arterial/arteriolar resistance (23, 38, 42) , as well as capacitance changes in the upstream venous vasculature. For example, an intimate relationship between heart rate (f H ) and P cv has been demonstrated in rainbow trout (Oncorhynchus mykiss), where pharmacologically induced bradycardia results in pooling of blood in the central veins and a consequent increase in P cv (2) . This mechanism serves to maintain Q by increasing stroke volume (V S ) via the FrankStarling mechanism over a broad range of heart rates. Furthermore, according to Pouiseille's law: Flow ϭ ⌬Pr 4 /8 l where ϭ 3.14, ⌬P is pressure difference, r is vessel radius, is viscosity, and l is vessel length; an increase in arteriolar resistance (r decreases) in one circuit (e.g., in the gastrointestinal circulation) will reduce venous blood flow and passively reduce transmural pressure and contained blood volume. Blood will consequently be shifted from peripheral veins to the central venous compartment and possibly increase P cv (23, 38, 42) .
For rainbow trout (O. mykiss), environmental hypoxia results in reflex bradycardia (24) and an increased P cv serves to increase V S and maintain Q (35, 36, 39, 41) . Although it is possible that the increases in P cv and V S could simply be passive effects of the reduction in f H or changes in arteriolar resistance, both humoral and neural adrenergic components that mediate a decrease in venous capacitance have been verified (39) . Thus active venoconstriction is likely an integral component of the teleostean cardiovascular response to hypoxia.
For elasmobranchs, environmental hypoxia similarly evokes reflex bradycardia, and V S typically increases to maintain Q (8, 9, 50, 55) . However, the role of venous hemodynamic changes in this response is in question because of the above-mentioned differences to teleosts and the scarcity of studies on venous function in elasmobranches. Although one study has reported a significant increase in P cv in the dogfish S. canicula during bradycardia induced by hypoxia and electrical vagus stimulation (50) , it is impossible to determine whether this increase was due to active changes in venous capacitance or to passive effects of changes in f H or vascular resistance. Furthermore, in terms of adrenergic control of venous capacitance, measurements of circulating levels of catecholamines in hypoxic dogfish are few and conflicting. The significant increases in both epinephrine and norepinephrine levels in S. canicula acutely exposed to a water oxygen tension (Pw O 2 ) of 4.7 kPa for 1.5 h reported by Butler et al. (10) were not observed in spiny dogfish (S. acanthias) exposed to the same (Pw O 2 ) for 30 min (37) .
Acute warming of fish, in contrast to hypoxia, causes tachycardia and increased Q to service the augmentation of tissue oxygen demand (12, 21, 43, 52) . Increasing Q increases the pressure difference across the venous circulation (i.e., between the venules and the large central veins), according to Eq. 1, and acute warming and exercise often increase P mcf , which is known to be mediated by increased venous ␣-adrenergic tone during exercise (43, 46, 47) . This mechanism is believed to allow venular pressure to increase while peripheral venous blood pooling is prevented when blood flow increases through the capillary beds. This probably serves to facilitate cardiac filling and may even increase P cv and V S through the FrankStarling mechanism (42) .
To the best of our knowledge, the venous hemodynamic responses to acute warming and environmental hypoxia have not been investigated in any elasmobranch fish. Furthermore, although numerous studies on both teleosts and elasmobranchs have addressed the effects of hypoxia on catecholamine release, few have studied the effects of acute temperature changes on the humoral catecholaminergic response (13, 19, 56) . Given the apparently sparse adrenergic innervation of the systemic vasculature in the dogfish, we hypothesized that circulating catecholamines might be critical for the control of the capacious venous system of this species. Consequently, circulating levels of epinephrine and norepinephrine in the plasma were measured along with the hemodynamic variables. We also used atropine to pharmacologically abolish and assess the importance of the expected hypoxic bradycardia on any observed venous response. Finally, a novel technique to measure P mcf in dogfish with an intact pericardium is described and validated.
MATERIAL AND METHODS

Animals
Pacific spiny dogfish (S. acanthias) of both sexes and with a body mass (mb) range between 1.22 and 3.81 kg (mean: 1.89 Ϯ 0.25 kg) were caught using a long line with baited, barbless hooks. The long line was typically left in the water for no more than 1-2 h to minimize the time the fish was hooked. Fish were held outdoors in 2,000-liter fiberglass tanks supplied with flow-through, aerated seawater at ambient temperature (9 -10°C) and were offered a diet consisting of raw fish and squid. Feeding was restricted for ϳ1 wk before experimentation. At least 1 wk was allowed after capture before animals were used in any experiments. All experimental procedures were approved by the Animal Care Committee of the University of British Columbia in accordance with the Canadian Council on Animal Care.
Surgery and Experimental Setup
Individual fish were anesthetized in seawater containing MS-222 (200 mg/l; Sigma, St. Louis, MO). They were placed on a surgery table covered with damp foam, and their gills were continuously irrigated with recirculating (10°C) aerated seawater containing a lower dose of MS-222 (50 mg/l). The dorsal aorta was cannulated percutaneously from the ventral aspect of the tail by using a 16-G needle as a trochar (45) for a polyethylene catheter (PE-50), which was advanced retrograde ϳ200 mm in the vessel. A dab of cyanoacrylate glue was used to seal the cannulation site. The ductus Cuvier was cannulated from the opercular cavity with a PE-50 catheter by using an internal wire guide, as described previously (45) . Both catheters were filled with heparinized (50 IU/ml) saline (1.3% NaCl), sealed with a pin, and secured to the skin with silk sutures. A midline ventral incision exposed the point of bifurcation of the first afferent gill arteries. The left first afferent gill artery was cannulated occlusively with a balloon-tipped catheter that was advanced into the ventricle. Thus cardiac output could be completely but briefly (ϳ20 s) stopped to measure P mcf. The catheter was constructed from PE-50 tubing and the tip section (ϳ5 mm) of a nonlubricated latex condom. The catheter was slightly heat-flared at the end, and a small bubble was made ϳ5 mm from the flared end. One or two side holes were cut in the tip section, and a silk suture was tied behind the bubble to secure the latex balloon over the tip. Depending on the size of the fish, injection of 0.75-1.5 ml of water into the balloon was sufficient to stop blood flow. Anatomical constraints (the immediate, postconal bifurcation of the posterior gill arch arteries) prevent a direct measurement of Q in dogfish without opening the pericardium, so a Transonic transit-time blood flow probe (2.5S or 1.5S) was positioned around the right first afferent gill artery to obtain an estimate of Q, assuming a constant distribution of blood flow among different gill arches over time in individual fish. This assumption is supported by the finding that 37% of Q in dogfish is directed to the anterior two pairs of gill arches, and this proportion remained unchanged during hypoxia (55) . Consequently, changes in blood flow are expressed as relative percentage changes with the initial routine value set to 100%. The midline incision was closed with interrupted silk sutures and cyanoacrylate glue, and the catheters and leads were additionally secured to the skin with silk sutures. After surgery, the fish were placed in opaque experimental chambers supplied with flow-through seawater at 9 -10°C. Postsurgical recovery before experimentation commenced was at least ϳ36 h.
Experimental Protocols
Each animal was usually exposed to two experimental protocols on two consecutive days. The response to acute warming was assessed on the first day (temperature was elevated for a total of Ͻ3 h). After overnight recovery, the response to two levels of short-term (ϳ20 min each) aquatic hypoxia was investigated.
Temperature challenge. Recordings of stable routine cardiovascular variables at 10°C were performed for 5 min, and P mcf was recorded at the end of this period. Subsequently, the temperature in the experimental chamber was acutely increased over 30 -40 min to 16°C by pumping heated water from an external tank into the experimental chamber. The new temperature was then maintained for ϳ90 min to allow cardiovascular variables to stabilize at the new temperature. Reported cardiovascular variables at 16°C (including P mcf) were taken during the last 5-10 min of this period. The initial control temperature (10°C) was then restored over a 30-to 50-min period, and a final recording of cardiovascular variables was made after cardiovascular variables had stabilized for ϳ20 min at this temperature. Two 0.6-ml blood samples were taken for subsequent analysis of circulating levels of catecholamines (see below), one before recordings began at 10°C and one at the end of the 16°C period.
Hypoxic challenge. Inflowing water was directed through an exchange column bubbled with N 2. Two stable levels of hypoxia were tested; moderate (final Pw O 2 ϭ 6.9 Ϯ 0.2 kPa) and severe (final Pw O 2 ϭ 2.5 Ϯ 0.5 kPa). These levels of hypoxia were chosen because they bracket the Pw O 2 level of ϳ4.7 kPa, where the P50 value for hemoglobin at 12°C is reached and release of circulating catecholamines is expected to occur in dogfish (37) . P mcf was measured four times during each hypoxia challenge: 1) during normoxia (control), 2) at the beginning of the hypoxic period (after 5 min) when the Pw O 2 level began to plateau at its nadir and a potential hypoxic reflex response was assumed to be maximal (hypoxia initial), 3) at the end of the hypoxic period (15 min after introduction of hypoxic water) when the levels of circulating catecholamines were assumed to be maximal (hypoxia plateau), and 4) during the normoxic recovery, i.e., 10 min after the hypoxic inflow to the experimental chamber had been turned off (recovery). Values for all other cardiovascular variables were taken as an average value of a 30-s period immediately preceding the respective P mcf measurement. The order of the severe and the moderate hypoxia exposures was varied and separated by at least 90 min. Again, 0.6-ml blood samples were taken for subsequent catecholamine analysis, one before recordings began during normoxia and one at the end of the hypoxic period. Some fish were then treated with atropine (1.2 mg/kg) to pharmacologically inhibit hypoxic bradycardia, and the same severe and moderate hypoxia protocols were repeated after 1-2 h. No blood samples were collected in these experiments. The design of the hypoxic protocol meant that sequential P mcf measurements were separated by at least 10 min. We have previously demonstrated that the reflex vasoconstriction response to vascular occlusion that is occasionally observed in rainbow trout (40, 42, 58) is negligible in dogfish (45) . Nevertheless, control experiments with repeated occlusions separated by 10 min in six fish during normoxia were found to have negligible effects on the measured cardiovascular variables.
Blood analysis. Blood samples were collected from the dorsal aortic cannula into heparinized syringes, and the plasma was analyzed for epinephrine and norepinephrine. Plasma was diluted in 10% (vol/vol) 1 mM ascorbic acid to prevent degradation, flash frozen in liquid N 2, and stored at Ϫ80°C before analysis. After each blood sampling, remaining red blood cells were resuspended in dogfish saline (1.3% NaCl) and reinjected into the animal. The removal of red blood cells during the experimental protocol was therefore minimized. Plasma catecholamine levels were measured by HPLC and electrochemical detection on alumina-extracted samples (200 l) according to the basic method of Woodward (57) . The applied potential to the electrochemical detector (Princeton Applied Research model 400) was ϩ700 mV.
Data Acquisition and Calculations
Arterial and venous blood pressures were measured from the indwelling catheters using pressure transducers (model DPT-6100; pvbMedizintechnik, Kirchseeon, Germany) calibrated several times daily against a static column of seawater. The signals generated by the transducers were amplified using a 4ChAmp amplifier (Somedic, Hörby, Sweden). The flow probe around the branchial artery was connected to a T206 Transonic flow meter (Transonic Systems, Ithaca, NY). A 2.5S flow probe was gravimetrically calibrated with both saline and distilled water at 10 and 16°C, and the temperature effect on the flow recordings was found to be negligible. An Oxyguard probe (Mark IV; Point Four Systems, Richmond, Canada), modified to give a Ϯ1-V output signal, was placed at the inlet to the experimental chamber to obtain continuous recordings of Pw O 2 . Data were stored for subsequent analysis with the use of a PowerLab unit (ADInstruments, Castle Hill, Australia) connected to a laptop computer running LabChart Pro software (v. 6.0; ADInstruments). Arterial and venous mean blood pressures (P da and Pcv) and pulse pressures (Pdapuls and Pcvpuls) were calculated using the blood pressure analysis module in LabChart Pro. Pmcf was taken as the plateau in Pcv during the last 5 s of the 20-s blood flow occlusion induced by inflating the ventricular balloon (45) . fH was calculated from pulsatile pressure or flow traces. Relative VS was calculated as Q/fH, and systemic vascular resistance (Rsys) was calculated as (Pda Ϫ Pcv)/Q.
Statistical Analysis
Reported values are means Ϯ SE for n number of fish. A Wilcoxon matched pairs signed-ranks test (2 tailed) was used for paired comparisons when changes in plasma catecholamine levels and the effects of atropine treatment on routine cardiovascular status were assessed. Dynamic cardiovascular responses to acute temperature change and aquatic hypoxia were evaluated statistically using one-way repeatedmeasures ANOVA followed by Dunnet's post hoc test to identify individual data points that were significantly different from the initial control value. In cases where the ANOVA indicated statistical differences that the post hoc test failed to detect, the Wilcoxon matched pairs signed-ranks test (2 tailed) was used to compare the hypoxia plateau value with the control. Raw data were used when statistics were calculated for the relative variables (Q, V S, and Rsys). Statistical significance was assumed at P Ͻ 0.05 for all comparisons.
RESULTS
Cardiovascular Responses to Acute Warming
Dynamic cardiovascular responses to an acute increase in temperature from 10 to 16°C are summarized in Fig. 1 , and numerical values for all variables are presented in Table 1 . The 6°C increase in temperature significantly increased f H by 59% (from 19.0 Ϯ 1.6 to 30.3 Ϯ 2.0 beats/min) and Q by 43%. These changes reflected Q 10 values for f H and Q of 2.2 and 1.6, respectively. Associated with the increase in blood flow was a significant decrease in venous capacitance, because P mcf increased from 0.12 Ϯ 0.01 to 0.14 Ϯ 0.01 kPa, which presumably served to maintain P cv and V S unchanged despite the pronounced tachycardia. The 20% reduction in R sys at 16°C and modest increase in Q meant that P da did not change significantly. The significant reduction in P dapuls at 16°C (from 0.5 Ϯ 0.1 to 0.4 Ϯ 0.1 kPa) probably reflected the combined effects of tachycardia and systemic vasodilation. The tendency for P cvpuls to decrease did not reach statistical significance (P ϭ 0.16). Acute warming did not stimulate the release of catecholamines into the circulation (see Fig. 4 ), indicating that none of the observed cardiovascular changes were mediated by circulating catecholamines. All cardiovascular variables returned to their control values when the temperature was returned to 10°C, indicating fully reversible cardiovascular responses and an absence of a metabolic debt ϳ1 h after exposure to the higher temperature.
Cardiovascular Responses to Aquatic Hypoxia
Moderate hypoxia. The dynamic cardiovascular responses to moderate aquatic hypoxia (final Pw O 2 ϭ 6.9 Ϯ 0.2 kPa) in untreated dogfish are presented in Fig. 2 . The cardiovascular responses to moderate hypoxia in both untreated and atropinetreated fish are fully summarized in Table 2 .
The initial steep decline in Pw O 2 during the first 5 min of moderate hypoxia did not trigger significant cardiovascular changes. After 15 min of moderate hypoxia, however, Q had decreased significantly by 15% due solely to a 16% decrease in V S . Despite the significant reduction in Q, P da was unchanged, because R sys increased significantly by 25%. Furthermore, P cv increased significantly without a change in P mcf , suggesting that the increase in P cv was not a result of reduced venous capacitance. In addition, the significant reduction in P cvpuls at the end of the moderate hypoxic exposure also may have been related to the decrease in Q. Similar to acute warming, moderate hypoxia had no significant effect on the circulating levels of catecholamines (see Fig. 4 
Atropine pretreatment significantly altered normoxic cardiovascular status (Tables 2 and 3) . f H increased by 7-8 beats/min, indicating that in untreated dogfish, a relatively large cholinergic tone suppressed heart rate. Nevertheless, this tachycardia was counterbalanced by a reduction in V S , and Q was unchanged. P dapuls and P cvpuls were correspondingly reduced, likely as a result of the increased f H . Atropinized fish displayed no cardiovascular changes during the initial phase of moderate hypoxia, similar to untreated fish. However, atropine treatment abolished the reductions in V S , Q, and P cvpuls and the increase in R sys that were observed in the untreated fish after a 15-min exposure to moderate hypoxia. Even so, P cv still increased significantly from Ϫ0.07 Ϯ 0.04 to Ϫ0.03 Ϯ 0.04 kPa during moderate hypoxia. In atropine-treated fish, all cardiovascular variables were again restored to their control values upon recovery to normoxia, with the exception of significantly reduced P dapuls .
Severe hypoxia. The dynamic cardiovascular responses to severe aquatic hypoxia (final Pw O 2 ϭ 2.5 kPa) in untreated dogfish are presented in Fig. 3 . The cardiovascular responses to severe hypoxia in both untreated and atropine-treated fish are fully summarized in Table 3 .
Similar to the moderate hypoxia response, the initial steep decline in Pw O 2 during severe hypoxia produced no cardiovascular changes (Table 3) . However, after 15 min of severe hypoxia, bradycardia had developed, resulting in a 23% decrease in f H , and V S decreased by 31%, which meant a 46% decrease in Q at the end of the severe hypoxic period. Again, systemic vasoconstriction (a 137% increase in R sys ) maintained P da during the severe hypoxia despite this substantial reduction in Q. P cv increased significantly such that cardiac filling pressure went from subambient to positive (from Ϫ0.07 Ϯ 0.03 to 0.02 Ϯ 0.02 kPa), but P mcf still remained unchanged at the end of the hypoxic period. Furthermore, P cvpuls was halved by severe hypoxia (from 0.12 Ϯ 0.02 to 0.06 Ϯ 0.01 kPa) despite bradycardia.
Severe hypoxia also triggered a significant elevation of circulating catecholamine concentrations (Fig. 4) ; epinephrine increased from 9 Ϯ 6 nM in normoxia to 57 Ϯ 41 nM during hypoxia, and norepinephrine increased from 2 Ϯ 1 nM in normoxia to 41 Ϯ 9 nM during hypoxia. However, despite the increase in circulating catecholamines, the observed venous Values were taken at 10°C, after ϳ2 h of acute exposure to 16°C, and ϳ1 h after the fish had been returned to 10°C. Pmcf, mean circulatory filling pressure; Pcv, central venous blood pressure; Q, cardiac output; Rsys, systemic vascular resistance; fH, heart rate; VS, cardiac stroke volume. *P Ͻ 0.05, significant difference from initial 10°C value. Numerical values for these variables are presented in Table 1. responses were not due to venous capacitance changes given the lack of a change in P mcf . All cardiovascular variables returned to control values within 10 min of normoxic conditions being reestablished (Pw O 2 ϭ 17.4 Ϯ 0.8 kPa).
In atropine-treated fish, the cardiovascular responses to steady-state severe hypoxia were abolished, since Q, V S , f H , and R sys did not change significantly (Table 3) . Even in the absence of these changes, P cv and P cvpuls still increased significantly, and there also was a significant increase in P dapuls at the end of the hypoxic period. All cardiovascular variables returned to control values within 10 min of normoxic conditions being reestablished, with the exception of a significantly increased R sys .
Determinants of Routine Central Venous Pressure
The strong correlation between P cv and P mcf (r 2 ϭ 0.77, P ϭ 0.001) but not between P cv and f H (r 2 ϭ 0.06, P Ͼ 0.5), as evident from Fig. 5 , suggests that individual variation in routine P cv during normoxia was primarily determined by variable venous tone/compliance (and/or total blood volume) and not routine f H .
DISCUSSION
Although venous blood pressures have been reported previously for various elasmobranchs (11, 27, 45, 50, 53) , this is the first study to use acute warming and environmental hypoxia to trigger venous hemodynamic responses and explore mechanistic explanations. We hypothesized that given the apparently sparse adrenergic innervation of the systemic vasculature in this group compared with phylogenetically more recent teleosts, humoral release of catecholamines might be critical for the control of tone and/or compliance of the capacious venous system in elasmobranchs.
Evaluation of Routine Cardiovascular Status and Experimental Methodology
P cv was subambient in dogfish in the present study, which is in agreement with previous studies on elasmobranchs with intact pericardium (11, 45, 50, 53 ). Furthermore, routine f H and P da in S. acanthias were similar or slightly lower in the present study compared with previous studies on this species at similar temperatures and experimental conditions (25, 45) . The only previous study where P mcf was measured in an elasmobranch (45) was also conducted in S. acanthias, but P mcf was measured in most animals by placing a perivascular occluder around the conus arteriosus, which required a pericardectomy. Consequently, because pericardectomy prevents vis a fronte cardiac filling (17) , it was suggested that P cv and P mcf were overestimated, perhaps as a result of compensatory venoconstriction (45) . This earlier suggestion is supported by the present findings, where we show that routine P cv was always subambient, ranging between Ϫ0.08 and Ϫ0.04 kPa (Tables 1-3) , unlike in the former study where P cv was above ambient following pericardioectomy (0.09 kPa). Likewise, P mcf was ϳ50% higher in the previous study (0.18 kPa) compared with 0.11-0.12 kPa reported in the present study. Preliminary measurements of P mcf in the former study with an intact pericardium and an embolectomy catheter to occlude the conus revealed P mcf (0.12 kPa; n ϭ 2) identical to values in the present study. In this Values were taken during normoxia (control); 5 min after introduction of hypoxic water into the experimental chamber (hypoxia initial); at the end of the hypoxic period, 15 min after introduction of hypoxic water (hypoxia plateau); and during recovery in normoxia, 10 min after the inflow of hypoxic water to the experimental chamber had been turned off (recovery). *P Ͻ 0.05, significant difference from corresponding initial normoxic value. Numerical values for these variables are presented in Table 2 . Values are means Ϯ SE from quiescent Pacific spiny dogfish (S. acanthias). Values were taken at 10°C, after ϳ2 h of acute exposure to 16°C water, and ϳ1 h after the fish had been returned to 10°C water (recovery 10°C). Pda, dorsal aortic blood pressure; Pdapuls, dorsal aortic pulse pressure; Pcv central venous blood pressure; Pcvpuls, central venous pulse pressure; Pmcf, mean circulatory filling pressure; Q, cardiac output; fH, heart rate; VS, cardiac stroke volume; Rsys, systemic vascular resistance. *P Ͻ 0.05, significant difference from initial 10°C value.
context, it is worth noting that the problem in the previous study with the tip of the embolectomy catheter lodging against the conal valves preventing retrograde advancement of the catheter was never encountered with the new method, because the blunt balloon-tipped catheter used here would easily slide past the conal valves when advanced toward the ventricle.
Acute Warming
The response of dogfish to a moderate acute increase in temperature with tachycardia with a Q 10 value of around 2, and an increase in Q without any change in V S , is in agreement with the response of teleosts (12, 21, 43, 52) . With acute warming of dogfish, P cv was unchanged and P mcf increased slightly, suggesting that there was a compensatory increase in venous tone as both Q and f H increased. This response is qualitatively similar to the increase in P mcf observed with warming in rainbow trout (43) but different from the response in Pagothenia borchgrevinki, a stenothermal Antarctic fish, where P cv decreases and P mcf is unchanged at elevated temperatures (44) . However, the 17% (0.12 to 0.14 kPa) increase in P mcf in dogfish for a 6°C increase in temperature is less than one-half of the 44% increase in P mcf (0.16 to 0.23 kPa) observed in rainbow trout over the same temperature range (43) . This is surprising given the larger increase in Q in the dogfish (43 vs. 31% in rainbow trout). A possible explanation for this difference may be a more capacious circulatory system in elasmobranchs (32, 48) . The dogfish may, therefore, have a venous circulation with a significantly larger "average diameter" than the trout. Thus, according to Eq. 1, the dogfish venous circulation would be less affected by passive flow-mediated changes, because a similar change in flow would result in a much smaller absolute increase in ⌬P in a vascular system with a large r. If we then assume that venous vascular compliance is similar in the trout and the dogfish, the tendency for passive vessel distension will be greater in the trout, and venous vascular tone must increase comparatively more to prevent flow-mediated pooling in the venous vasculature. This would presumably be reflected as a larger increase in P mcf in the trout than in the dogfish for a similar change in flow. On the other hand, according to LaPlace relationships, a greater wall tension will develop in a larger vessel for a given change in pressure, so the net effect on contained blood volume appears somewhat difficult to predict. Another possibility is that shark veins are less compliant and therefore less sensitive to passive flowmediated blood pooling than veins from teleosts.
Contrary to our initial hypothesis, the small reduction in venous capacitance that was evident in the dogfish during the acute temperature increase was not mediated by circulating Values were taken during normoxia (control); 5 min after introduction of hypoxic water into the experimental chamber (hypoxia initial); at the end of the hypoxic period, 15 min after introduction of hypoxic water (hypoxia plateau); and during recovery in normoxia, 10 min after the hypoxic inflow to the experimental chamber had been turned off (recovery). PwO2, partial pressure of oxygen in water. *P Ͻ 0.05, significant difference from the respective normoxic value within the same treatment group. †P Ͻ 0.05, significant difference in normoxic value after atropine treatment.
catecholamines, because plasma epinephrine and norepinephrine levels remained unchanged (Fig. 4) . The lack of catecholamine release contrasts with previous studies on teleosts at elevated temperatures (13, 19, 56) , although the thermal challenges used in these earlier studies were likely more severe. This opens the possibility for venous vasoconstriction mediated by other mechanisms such as nonadrenergic vasoactive agents (15) or myogenic responses as seen in some preparations of mammalian veins (5, 14) . However, further experiments that were beyond the scope of the present study are needed to resolve the mechanistic basis for these responses.
Environmental Hypoxia
As expected, dogfish responded to severe hypoxia with bradycardia and reduced V S and Q, whereas moderate hypoxia did not evoke bradycardia, although V S and Q decreased (Tables 2 and 3 ). The physiological benefits of hypoxic bradycardia in fish are not understood (35) , but it was recently suggested that the reduction in f H and the consequent increase in diastolic volume and filling time might be beneficial for myocardial oxygen supply (16) . An increased cardiac filling pressure would then presumably be advantageous too. In addition to bradycardia, increased vagal tone probably reduced inotropic status of the dogfish heart in the present study, because the hypoxic reductions in V S and Q were absent following atropine pretreatment. This may suggest that the reductions in V S and Q involved a vagal response and that any indirect effect from the reduction in cardiac oxygen supply during hypoxia (28, 51) had a small effect on cardiac performance, at least with the magnitude and duration of the aquatic hypoxia used in the present study. However, it also is possible that the reduction in V S that was apparent in normoxia after atropine treatment left little room for further reductions in V S . The reductions in V S and Q observed during hypoxia in S. acanthias clearly contrast with the maintained V S and Q observed for another well-studied dogfish species, S. canicula (see Ref. 7 ). In the dogfish studied here, there was a significant increase in P cv during hypoxia, similar to the situation in rainbow trout (36, 39, 41) . However, in contrast to the response in trout, venous capacitance was unchanged as evidenced from the constant P mcf during both moderate and severe hypoxia. Furthermore, the increase in P cv clearly did not elevate V S to compensate for the bradycardia, because both Q and V S were reduced in severe hypoxia.
The increase in P cv was not a passive effect of the reduction in f H and Q, because venous hypertension persisted in atropine- Values were taken during normoxia, at hypoxia initial and hypoxia plateau, and during recovery. See Fig. 2 for details. *P Ͻ 0.05, significant difference from corresponding initial normoxic value. Numerical values for these variables are presented in Table 3 . Fig. 4 . Effects of acute temperature increase and moderate (final Pw O 2 ϭ 6.9 Ϯ 0.2 kPa) and severe hypoxia (final Pw O 2 ϭ 2.5 Ϯ 0.5 kPa) on the levels of circulating plasma catecholamines in Pacific spiny dogfish (S. acanthias). *P Ͻ 0.05, significant difference from corresponding initial normoxic value. treated fish where there was no bradycardia or decreased Q. Several explanations for this response are possible. First, hypoxia may have resulted in local changes in arteriolar resistance that caused a passive blood mobilization to the central venous compartment. The most likely source of this blood mobilization seems to be from the gastrointestinal circulation, since hypoxia reduces gastrointestinal blood flow in teleosts (3, 4) and sturgeon (22) . Whereas the gastrointestinal circulation in dogfish is innervated by catecholamine-and neuropeptidecontaining nerves (6, 26, 31) and displays a reduction in blood flow in response to catecholamines, vasoactive intestinal polypeptide, and fright (25), we are unaware of any studies of gastrointestinal blood flow on elasmobranchs during hypoxia that would substantiate this possibility. In the present study, P cv increased during hypoxia after atropine pretreatment despite any significant change in R sys , so increased gastrointestinal vascular resistance could have been balanced by decreased somatic vascular resistance with no overall change in R sys . The gastrointestinal tract in dogfish has been estimated to contain 7% of the total blood volume (33) , but it is difficult to estimate how much blood would drain into the central venous compartment with increased gastrointestinal resistance and whether this potential blood mobilization could explain the P cv increase observed. An alternate mechanism to the increase in P cv relates to altered ventilation during hypoxia, which ranges from limited (e.g., Ref. 7) to pronounced increases in both ventilation frequency and amplitude (e.g., Ref. 37). Satchell (48) argued that ventilatory movements may rhythmically compress the anterior cardinal sinus, increasing P cv . However, although we did not measure ventilation and are unable to correlate the central venous hypertension with any ventilatory changes, P mcf was clearly not affected by this potential mechanism.
Circulating catecholamine levels increased only during severe hypoxia (2.5 kPa), which was well below the 4.7-kPa level where Perry and Gilmour (37) hypothesized that catecholamine release would occur in dogfish at 12°C (based on P 50 values for oxygen equilibrium curves). However, although no significant increases in epinephrine or norepinephrine were observed in that study when S. acanthias was exposed to 4.7 kPa for 30 min, the significant release of catecholamines that was observed with severe hypoxia in the present study is likely explained by the use of an even lower Pw O 2 (2.5 kPa). Regardless, catecholamine release was ineffective in producing a significant reduction in venous capacitance despite the knowledge that P mcf increases significantly in response to injected epinephrine (45) . However, the circulating levels of epinephrine in this earlier study were likely higher (ϳ250 nM, assuming a blood volume of 6% of m b for dogfish) compared with the levels of endogenous catecholamines measured during severe hypoxia in the present study (epinephrine, 57 Ϯ 41 nM; norepinephrine, 41 Ϯ 9 nM). Whether a longer or an even lower Pw O 2 exposure would raise circulating catecholamines to a level that would evoke venoconstriction in S. acanthias requires further study. In contrast, 1.5-h exposure to a Pw O 2 of 4.7 kPa in S. canicula increased epinephrine and norepinephrine to 284 and 446 nM, respectively, which are levels likely to initiate venoconstriction (10) . In addition, the study with S. canicula was conducted at 15°C, and, at least for rainbow trout, catecholamine release is more pronounced and occurs at a higher Pw O 2 at high acclimation temperatures due to the associated reduction in hemoglobin oxygen affinity (34) .
Perspectives and Significance
The present study on dogfish suggests that changes in cardiac filling pressure during hypoxia were not mediated by capacitance changes from circulating catecholamines as originally hypothesized. Furthermore, the small decrease in venous capacitance that was observed during an acute increase in temperature could not be explained by increased levels of circulating catecholamines. The response in dogfish, therefore, contrasts markedly with the much more pronounced reduction in venous capacitance that is observed in some teleosts (e.g., rainbow trout) when faced with the challenges of hypoxia, increased temperature, and exercise. Perhaps a more capacious venous vasculature in elasmobranchs makes their venous system less prone to passive flow-mediated dilatation during challenges requiring increased blood flow (e.g., exercise and temperature increase) and therefore reduces the dependence on adrenergically mediated changes of venous capacitance, for which the necessary nerves appeared later in the evolution of fishes. This may be possible, in part, because the central venous system of the dogfish is normally subjected to a subambient venous pressure, which would serve to greatly reduce the vascular transmural force. Thus, from the available, albeit limited, data, we may hypothesize that there has been an evolutionary progression among the vertebrates toward venous systems with higher pressures and greater reliance on positive pressure filling of the heart (vis a tergo), as well as a greater scope for changes in venous capacitance through more refined neurohumoral control mechanisms. Tables 2 and 3) . The relationship for Pcv and Pmcf is significant (P ϭ 0.001).
